Concentrated windings, in other words fractional slot windings are getting popular because of many proven advantages. In this study, a concentrated winding electric machine is designed for industrial applications. Although, in concentrated winding, mutual coupling between two adjacent coils is assumed to be zero, finite element analysis indicates that significant coupling may exist. Studies indicate that the coupling phenomena degrades fault tolerant capabilities of the concentrated winding structure. This paper, first, investigates the existence of mutual coupling then presents a new concentrated winding structure which still exploits benefits of conventional concentrated winding.
Introduction
The windings concentrated around the teeth offer many advantages for the electrical machines with radial airgap. The copper losses are decreased due to shorter end winding [1] . Other benefits cited in the literature are wider constant power range and higher torque density, better fault tolerance [2, 3, 4] .
Concentrated winding coils are wound around single stator tooth as shown in figure 1-a. In contrary, conventional distributed winding coils may be stretched over several stator teeth as shown in figure 1-b.
For applications where fault tolerance is required, motivation for concentrated winding is to provide magnetic isolation between phases. It can be shown with a simple magnetic circuit analysis that each concentrated coil around any stator tooth has an independent magnetic circuit and it does not interfere magnetically with any other coils around the stator. This reality can be exploited to maintain magnetic decoupling between winding sets. As far as the rotor structure is concerned, figure 1 shows surface mounted type rotor structure.
In the literature, it can be seen that, useful slot and pole combinations can help machines on fault tolerant applications. The preferred slot and pole number combinations thereby help to ensure that a fault in one phase does not undesirably affect the remaining intact phases. Although, properly defined slot and pole configurations reduce the mutual coupling between the phase windings (it is claimed being equal to zero), it has never been essentially zero [5, 6, 7] .
Star of slots is a proven graphical technique to locate the coils appropriately. In [8] , details of the technique are given. With the star of slots technique, it would be very easy to individuate the harmonic orders rapidly in the winding distribution, in the induced back EMF and in the air gap MMF distribution.
In this paper, importance of winding configuration in a single layer fractional slot synchronous motors is investigated. Mutual coupling between coils as well as phase groups are the main focus. Since coupling phenomena directly effects fault tolerance capability, design with minimum coupling would result in higher fault tolerant electric machine. 
Operation Principle
For the electric machine under consideration, there must be two magnetically independent star connected winding sets. Table 1 summarizes three configurations in terms of their coupling performances. 
Different Types of Winding Arrangements

Torque and Back EMF Behaviour of Different Winding Configurations
All winding configuration types given in this paper are created by using star of slot technique. To obtain magnetic coupling effect on the output variables, one winding set (A1-B1-C1) is excited with sinusoidal current source while magnets are active and the other winding set (A2-B2-C2) has no excitation. This simulation is repeated for the opposite situation where A2-B2-C2 is excited without exciting A1-B1-C1. Figure 10 shows voltage waveform of A1-B1-C1 when A1-B1-C1 winding set is excited and this waveform would be same for all winding configuration (Type-1-2-3). Comparison between different configurations shows that Type-1 and Type-3 seems performing better than Type-2. Although Type-1 winding arrangement has little mutual coupling between coils, back emf value of A2-B2-C2 and average torque drops significantly. Table-1 and Table-2 show that Type-3 winding configuration is better than the other types for both magnetic coupling and torque performance.
Mutual Coupling Effect on Torque Ripple
Mutual coupling between winding sets generates undesirable torque pulsation. In order to quantify the significance of coupling on the torque output, a simple test is performed. A1-B1-C1 is excited with 47 A peak sinusoidal current for each phase without any magnets. In the mean time, induced back emf across A2-B2-C2 is observed and stored. Then, this waveforms are multiplied by sinusoidal phase current with peak value of 250 A and zero degree phase shift with associated phase back emf. The multiplication is repeated for each phase and the results are added together. The sum is divided by synchronous speed to find out torque pulsation effect of the winding set on A1-B1-C1 on A2-B2-C2.
The application for which this electric machine is designed requires 47 A peak phase current for A1-B1-C1 set whereas 250 A peak phase current for A2-B2-C2 set for rated operation. Hence, the test is conducted by using these current values. 
Conclusion
This paper investigates mutual coupling effect in a concentrated winding structure. New winding schemes are proposed where mutual coupling is reduced between coils. Fault tolerance capability of the motor is improved with the proposed methods. Investigation show that attempts to reduce mutual coupling may have negative effect on maximum value of back emf because of the deviation from the ideal connection done via star of slot technique. This eventually causes reduction in the torque density level which may, otherwise, be a bit higher. Results of the studies are presented in which a winding configuration with minimum mutual coupling and maximum torque density is achieved.
